Three strains of Pseudomonasfluorescens with different motility rates and adsorption rate coefficients were injected into porous-medium reactors packed with 1-mm-diameter glass spheres. Cell breakthrough, time to peak concentration, tailing, and cell recovery were measured at three interstitial pore velocities (higher than, lower than, and much lower than the maximal bacterial motility rate). All experiments were done with distilled water to reduce the effects of growth and chemotaxis. Contrary to expectations, motility did not result in either early breakthrough or early time to peak concentration at flow velocities below the motility rate. Bacterial size exclusion effects were shown to affect breakthrough curve shape at the very low flow velocity, but no such effect was seen at the higher flow velocity. The tendency of bacteria to adsorb to porous-medium surfaces, as measured by adsorption rate coefficients, profoundly influenced transport characteristics. Cell recoveries were shown to be correlated with the ratio of advective to adsorptive transport in the reactors. Adsorption rate coefficients were found to be better predictors of microbial transport phenomena than individual characteristics, such as size, motility, or porous-medium hydrodynamics.
Schemes for enhancing in situ bioremediation of soil and groundwater generally involve injection and/or infiltration of fluid, nutrients, and oxygen (or other electron acceptors) to stimulate the growth of native microbial populations in the subsurface. In addition, suspension cultures of contaminantdegrading organisms may be added to the process stream to increase the amount of attached and suspended biomass within subsurface porous media. In the oil industry, the injection of starved microorganisms, or ultramicrobacteria (diameter, <0.3 ,um), is a component of microbially enhanced oil recovery (13) . These microorganisms are injected into an oil-bearing formation, transported to zones of high permeability, and then resuscitated. Growth of the bacteria resumes, and biofilms that selectively plug thief zones in the formation are formed. Vegetative bacteria have also been used in this manner. Although the success of these schemes depends upon site-specific microbial activity, little is currently known concerning the quantitative aspects of the transport, accumulation, and fate of the injected microorganisms. Consequently, the rational design and operation of microbial injection and/or infiltration systems are difficult.
In general, bacteria are chosen for bioremediation or microbially enhanced oil recovery on the basis of desired metabolic activities and/or products. However, other physiological characteristics, such as cell size (starved versus vegetative bacteria), motility, and cell surface properties (such as charge and hydrophobicity), may influence their transport through porous media and should be considered in the design of a delivery system.
The effects of motility on transport have been shown to be important in nonflowing systems in which chemotaxis is present (10) . Reynolds et al. (18) found that motile strains of Escherichia coli penetrated four times faster than nonmotile mutants through nutrient-saturated sand-packed cores under static conditions. In contrast, in porous-medium reactors * Corresponding author.
with no chemical gradients, the presence of flagella was not correlated with transport (1, 7) .
Starvation or reduction in cell size may also affect bacterial transport by reducing the effects of filtration. In the absence of filtration, a smaller bacterium may have a reduced level of interaction with the porous medium along a pore channel and therefore may be more effectively transported. For example, MacLeod et al. (15) determined that starved Klebsiella pneumoniae cells penetrated farther through sintered glass bead columns and were distributed more evenly along the flow path than vegetative cells, even though the pores were considerably larger than the vegetative bacteria. This phenomenon was also observed with the same starved bacterium injected into 400-milliDarcy sandstone cores (13) .
Cell hydrophobicity also has been investigated in relation to the ability of microorganisms to penetrate porous-medium columns. The transport of highly hydrophobic bacteria may be hindered or retarded by their tendency to adhere to porous media. Research by Gannon et al. (7) and Alexander et al. (1) , however, showed no correlation between hydrophobicity and bacterial transport in soil columns. In addition, it was found that there was no relationship between capsule or polymer production and transport (7) (6, 8) . It was hypothesized that increased ionic strengths decreased the thickness of the double layer on the surface and enhanced bacterial adsorption. Sharma et al. (19) stated that there was an excellent correlation between surface charge alteration and facilitated transport of two bacterial species through porous media.
The above-mentioned contradictory information on the relative importance of various cell characteristics in bacterial adsorption to and penetration through porous media prompted the approach for our research. Past work done in our laboratories has shown that the adsorption rate coefficient is a useful measure of the tendency for bacteria to adsorb to a surface. As defined by Mueller (16) , the adsorption rate coefficient is a quantitative measure of the rate of movement of bacteria from the bulk fluid to the substratum (in this case, porous media) and the subsequent sticking of the bacteria to the surface. The transport component is affected by system hydrodynamics (flow regimen and velocity) and the diffusivity of the particles. Diffusivity of bacteria is governed by cell properties such as size and motility; small, motile bacteria exhibit greater diffusivity than large, nonmotile bacteria. Once a bacterium is transported to the surface, its ability to associate with the substratum relies on a variety of cell and substratum characteristics, such as bacterial hydrophobicity, bacterium-substratum charge interactions, surface roughness, and surface free energy. These interactions are described in an article by Loosdrecht et al. (14) . Because transport and sticking efficiencies are combined in the adsorption rate coefficient, it may correlate better with bacterial movement through porous media than individual bacterial properties, such as size, motility, hydrophobicity, capsule production, and zeta potential. Experiments were devised with columns containing glass beads to examine the effects on bacterial transport of pore velocity, the bacterial adsorption rate coefficient, bacterial motility in the absence of chemotaxis, and cell size in the absence of filtration. The organisms tested included a motile Pseudomonas fluorescens strain, the same bacterium after starvation or size reduction, and a transposon mutant (Mot-) of the same bacterium. Pulse injections of each bacterial type were passed through the porous-medium reactor at three pore velocities (125, 28, and 5.7 ,um s-'). These velocities correspond to calculated groundwater movements through medium-grain sand at gradients of 0.90, 0.18, and 0.032, respectively. Suspended-cell breakthrough curves were determined, and numbers of adsorbed bacteria inside the reactor were measured, thereby allowing cell mass balances to be computed. As determined by image analysis, healthy motile and nonmotile P. fluorescens cells had an average size of 1.5 by 0.5 ,m. The starved bacteria were reduced in volume by ca. 25% within 7 days. Most of the size reduction was a result of shortening in length or "rounding" of the cells.
MATERLILS
Reactor performance. Reactor specifications, operating conditions, and performance as determined by dye tracer studies are given in Table 1 . For one reactor (reactor 2), the experimental residence time exceeded the calculated value by 10%. For the other two reactors, the experimental residence times were shorter than expected (82% of the calculated value for reactor 1 and 75% for reactor 3). All reactor flow velocities were within the laminar region (Reynolds number < 1).
Bacterial penetrability studies. The purpose of the penetrability studies was to determine how cell motility and adsorption affected the breakthrough of the bacteria under different flow rates in the absence of bacterial replication or chemotaxis. Reactor 1 was designed to produce an interstitial pore velocity higher than the maximal rate of motility for P.
fluorescens (85 ,um s-1 [12] ). Although there were slight differences, all bacteria had similar average breakthrough curves (Fig. 2) . Tailing occurred at very similar rates. The bacteria appeared to lag behind the dye in initial breakthrough and peak concentration (Table 2 ), but the maximum difference (ca. 0.2 pore volume) was only slightly higher than the error introduced by the 5-min sampling intervals (5 min divided by the 41-min residence time equals 0.12 pore volume). The average levels of cell recovery, which are indicative of the total numbers of injected bacteria that exited the reactor, were similar for the motile and nonmotile bacteria ( Table 2 ). The level of recovery of the starved bacteria was much lower.
Reactor 2 was designed so that an interstitial pore velocity (28 pum s-1) lower than the maximal rate of motility for P. fluorescens could be attained while maintaining a residence time similar to that in reactor 1. Average transport curves are shown in Fig. 3 . The curves for all particles exhibited more tailing than that seen under the flow conditions in reactor 1; all cell types continued to be found in the effluent after the passage of 2.0 pore volumes. The starved motile cells showed the most tailing, while both the healthy motile and nonmotile cells had similar curve shapes. When sampling time error (5 min divided by 55 min equals 0.09 pore volume) was considered, the breakthrough of all bacteria preceded that of the dye (Table 2 ). This result was most pronounced with the motile bacteria. The starved cells were the first to reach peak concentration. The peak times for the motile and nonmotile bacteria were similar within the sampling time error. The starved bacteria had the lowest average cell recovery, while the motile and nonmotile bacterial cell recoveries were higher.
Average data from reactor 3 (pore velocity, 5.7 pm s-1) Because of the low level of recovery of bacteria in the reactor effluent, a cell balance analysis of the contents of reactor 3 was performed at the end of the starved-cell experiments. Beads from the reactor were stained and examined for retained bacteria. Bacterial distribution was patchy, and approximately 10 bacteria per bead were counted. When this result was extrapolated to the entire reactor contents, we concluded that there was 10% retention on the beads. Including these organisms with those enumerated in the remainder of the reactor and those enumerated in the reactor effluent during the experiments (cell recovery data), we could account for an average of 11% of the starved bacteria, 55% of the motile bacteria, and 59% of the nonmotile bacteria injected into the reactor. c Pore volume at which initial breakthrough was observed. d Pore volume at which peak bacterial concentration was observed.
e Calculated as the number of bacteria in the total effluent volume divided by the total number injected.
f Calculated as described in Materials and Methods. DISCUSSION Conceptually, the transport of bacteria through porous media is dependent on (i) bacterial properties, such as size, motility, and surface hydrophobicity, (ii) porous-medium characteristics, such as porosity, tortuosity, particle diameter, and surface properties, and (iii) porous-medium hydrodynamics, including interstitial pore velocity and dispersivity. It is clear that a number of these characteristics, such as dispersivity, tortuosity, and pore water velocity, are interrelated. Furthermore, some characteristics interact synergistically to produce certain effects. A potentially important combination includes cell size, motility, cell surface hydrophobicity, porous-medium surface properties, and porousmedium hydrodynamics, since these affect the rate of transport and subsequent adsorption of cells to the porousmedium surface. As discussed above, the adsorption rate coefficient describes the net rate of adsorption and implicitly includes characteristics of the bacteria and hydrodynamics that affect adsorption. The following discussion will be oriented toward (i) effects of cell characteristics that would affect transport in the absence of sorption events and (ii) the effect of sorption on transport.
Motility and size effects. Nonchemotactic motility could affect bacterial transport by causing a portion of a motile population to emerge in advance of the tracer, especially at flow velocities lower than the average motility rate. Conversely, nonmotile bacteria may then behave as inert particles, be transported by advection and diffusion, and emerge with the fluid front. The effect of bacterial size, which has been shown to be important in transport (6, 7, 22) (6) reported similar results in that cells of different sizes and analogous cell surface hydrophobicities behaved as particles and had similar retention times in both coarse-and fine-grained porous-medium reactors at a velocity of ca. 40 ,um s-1. In reactor 2, all three bacterial types appeared in the effluent in advance of the dye. The starved bacteria (the most motile and smallest) demonstrated an accelerated time to peak concentration. It should be noted, however, that this breakthrough curve was rather flat and the time to peak concentration was not clearly distinguishable. The most substantial differences in the temporal responses of the bacteria were seen at a pore velocity of 5.7 p,m s-1. The most pronounced change was seen in the behavior of the nonmotile bacteria, which showed the most tailing and by far the earliest breakthrough time.
In general, bacterial size and motility did not influence the time to peak concentration for the bacteria. This result has also been observed by others using a variety of porous media, especially under conditions of short transport distance (6, 9, 22 (6) , in laboratory experiments with quartz sand, reported that large bacteria were most affected by dispersion. Harvey et al. (9) , in field studies with injected bacteria and a sandy aquifer, showed that inactivated bacteria appeared in distal recovery wells considerably in advance of the bromide tracer. These groups hypothesized that size exclusion, hydrodynamic chromatography, or phenomena related to distances between mixing points in the porous media contributed to the observations. These phenomena may also have contributed to the early nonmotile-cell breakthrough that we observed.
It was clear from our data as well as from those of others that the transport characteristics of bacteria cannot be predicted by use of size and motility information. Therefore, an alternative means of analyzing our data and a means of correlating bacterial attributes with transport were sought. (7) , 0 to 25% in soil and aquifer sand (1), <1% for large bacteria in fine-grained columns with high-ionic-strength transport medium to 90% for small bacteria in coarse-grained columns with low-ionic-strength medium (6) , and near 100% in aquifer sand with distilled water (8) . In our experiments, which used distilled water to reduce ionic effects, average recovery values did not approach 100%. The highest level of recovery was obtained with the motile and nonmotile bacteria at the highest flow rate. The starved bacteria, which had the highest adsorption rate coefficient, exhibited an inverse relationship between recovery and pore velocity.
When analyses were performed at the end of the low-flow experiments to account for the remainder of the injected bacteria, the balance still could not be closed. Recovery was least improved with the low-adsorption-rate-coefficient nonmotile bacteria and most improved with the motile bacteria. Only a 6% increase in starved bacterial recovery was obtained. It was hypothesized that significant cell death must have been occurring, even though it was confirmed that suspension of the bacteria in distilled water did not decrease bacterial viability during the time courses of the experiments. This phenomenon was not explored by the majority of researchers, who presumed that the unaccounted bacteria were retained in the porous media (1, (6) (7) (8) 20) . Only Wollum and Cassel (22) enumerated the number of organisms either filtered by or adsorbed to the porous media; their total bacterial recovery was 5.6%. If a threshold population of potentially active bacteria is required in a particular field application, any transport scheme developed to deliver those organisms should consider the possibility of substantial microbial loss even in the absence of predation.
Except for results obtained at the highest flow rate, at which all bacteria behaved as particles, substantial tailing, which was inversely related to flow rate, was observed with the bacteria. Significant tailing of bacteria and conidia in porous media with the potential for filtration has also been reported by others (6, 22) . Fontes et al. (6) hypothesized that tailing is the result of the flushing of previously retained bacteria. In our experiments, the tailing effect was most probably not related to the mobilization of filtered bacteria because of the overall large pore size in the porous media. It was more likely related to the detachment of loosely adsorbed bacteria. This hypothesis is supported by several observations. At the lowest pore velocity, the least amount of tailing was observed with the highly adsorptive, starved bacteria. The fluid shear stress (7.1 x i0-5 N m-2) may have been insufficient to remove these bacteria. The motile bacteria, which had an intermediate adsorption rate coefficient, detached, resulting in significant tailing. The least adsorptive, nonmotile bacteria were easily sheared and appeared in the reactor effluent after 3.0 pore volumes. At the intermediate pore velocity, the most dramatic tailing was seen with the starved bacteria. The fluid shear stress (3.5 x 10' N m-2) may have been sufficient to remove the motile and nonmotile bacteria; only the starved bacteria resisted desorption. At the highest pore velocity (and therefore the highest fluid shear stress 1.6 x 10-3 N m-2), only irreversibly adsorbed bacteria of all types remained on the glass beads, and no tailing was produced. Further confirmation of these conclusions can be drawn from the strong negative correlation found between adsorption rate coefficient and increased shear stress by Escher and Characklis (5); fewer bacteria accumulated on a surface at higher fluid velocities.
Since it was apparent that bacterial adsorption was an important phenomenon in these experiments, a mathematical description for the relationship between adsorptive transport and advective transport of bacteria in porous media was developed. The relationship can be seen by comparing the flux of bacteria to the surface of the porous-medium particles with the overall flux through the system. The overall number of bacteria entering a section of the column per unit of time (the advection rate) may be expressed as / cells\ advection tim = QC = Vp&rAC (2) where Q is the flow rate, V is the mean pore velocity (micrometers per second), e is the porosity, AX is the column cross-sectional area, and C is the bacterial concentration (cells per milliliter). In a similar fashion, the total number of bacteria adsorbing to the media per unit of time (the adsorption rate) within a column section in the system can be approximated by /cells\ adsorption time) = VAApC (3) where VA is the adsorption rate coefficient and A is the surface area of porous-medium particles available for colonization. The area, Ap, can be expressed as the product of the specific surface area, a, and the total column volume, A,L, where L is the column length. For a random packing of uniform spheres, it can be shown that a is given by a = 6(1 -e)Idp adsorption greatly exceeds the residence time of the system, relatively little adsorption is expected. Conversely, if the time required for adsorption is short compared with the reactor residence time, significant retention of adsorbed bacteria is expected. The quantity J* was determined for each of the combinations of bacterial adsorption velocities and pore velocities. The recovery of organisms from the various experiments is plotted against J* in Fig. 5 . Recoveries were low in experiments in which J* was <0.2. When J* exceeded 0.2, recoveries were still less than 100% but were notably higher than in the experiments in which J* was <0.2. Some adsorption is always expected because of the tortuosity of the fluid path (increasing the convective transport of cells toward particle surfaces), local decreases in fluid velocity, and filtration effects. Thus, the recovery is never expected to reach 100%, even for high J* values. From a practical standpoint, a direct measurement of adsorption rate coefficient on natural soil materials is nearly impossible. Nevertheless, it is interesting that the ratio of advection rate to adsorption rate (J*) was qualitatively related to recovery over a wide range of pore velocities, motility rates, and cell sizes.
